1. The effects of a low calcium diet and of oophorectomy, separately and together, on cortical and trabecular bone mass, have been examined in mature female rats.
Introduction
Calcium deprivation without vitamin D deficiency causes osteoporosis in several species, including the mouse (Shah, Krishnarao & Draper, 1967) , rat (Crawford, Gribetz, Diner, Hurst & Castleman, 1957; Harrison & Fräser, 1960; Larsson, 1969) , cat (Jowsey & Gershon-Cohen, 1964; Ferguson & Hartles, 1970) and rhesus monkey (Griffiths, Hunt, Zimmerman, Finberg & Cuttino, 1975) . Oophorec tomy also causes osteoporosis in adult rats given adequate calcium (Larsson, 1969; Schulz, Sommer & Delling, 1973) . However, Ferguson & Hartles (1970) , in a preliminary communication, reported that the most severe osteoporosis occurred when calcium deprivation and oophorectomy were com bined. We have examined the effects of oopho rectomy and of a low calcium intake, separately and combined, on the dimensions and mineral content of the femora and on the amount of trabecular bone in the tail vertebrae of mature Wistar rats.
Methods

Plan of experiment
Bilateral oophorectomy was performed on 20 female Wistar rats, weighing approximately 250 g. 439
In another 20 rats of similar weights (the shamoperated group) the abdominal wall was opened sufficiently to reveal the ovaries and then closed with sutures. The completeness of oophorectomy and absence of damage to the ovaries in the two groups was confirmed by cytological examination of vaginal smears for 4 consecutive days in the third week after operation and again after 10 months (Austin & Rowlands, 1969) , and by measurement of plasma oestrone and androstenedione (M. Fearnley, A. Hodgkinson & A. L. Holmes, unpublished work). The animals were then divided into four groups of 10 and these were given a normal or low calcium diet: group 1, shamoperated, normal diet; group 2, sham-operated, low calcium diet; group 3, oophorectomized, normal diet; group 4, oophorectomized, low calcium diet.
The animals were maintained on the diets for 10 months and periodically they were weighed and transferred to individual stainless-steel metabolism cages (E. K. Bowman Ltd, London) for timed urine collections.
At the end of the experiment the rats were anaesthetized with halothane/air (2-5:97-5) and exsanguinated by cardiac puncture. Both femora were removed, together with the surrounding soft tissue, and stored in phosphate-buffered formalin, pH 7-0, for morphometry and chemical analysis. The root of the tail, containing the first and second caudal vertebrae, was also removed for histological examination.
The diets were supplied by B.P. Nutrition Ltd (Witham, Essex, U.K.). The low calcium diet was prepared from ground oats, ground wheat, Toprina (B.P. single-celled protein), corn oil and a supple ment containing all the essential vitamins and minerals, except calcium. The normal calcium diet was identical with the low calcium diet, except for the addition of calcium carbonate to bring the calcium content to about 1-0% (w/w). The calcium contents of the diets, as determined by chemical analysis, were 12-5 mmol/kg and 247-0 mmol/kg respectively (0-05 and 0-99%); the phosphorus contents were 232 and 268 mmol/kg respectively and the hydroxyproline content of both diets was 3-0 mmol/kg.
Bone morphometry
The soft tissues were removed from the femora after 1-2 days storage in phosphate-buffered formalin and each bone was tied to a sheet of Perspex, 1 mm x 18 mm x 60 mm, with fine linen thread. The bones were mounted with the femoral head, greater trochanter and anterior surface of the lower femur in contact with the Perspex. Posteroanterior radiographs were taken, with the Perspex strips resting on the film wrapper, followed by lateral radiographs, obtained by turning the strips through an angle of 90° and slotting them into a notched support. The focal spot size was 1-2 mm and the focus-film distance was 180 cm. Fine-grain industrial film (Kodak Industrex C54) was used and the film was developed by hand.
The postero-anterior and lateral radiographs of each femur were mounted in 35 mm slides and projected on to a horizontal ground-glass screen, a specially constructed jig being used. The mag nification was approximately six times, and was accurately measured for each projected image, the frame size being used as the length standard. The total width and medullary width were measured on the magnified images with needle-tipped Vernier calipers with a dial-gauge. The measurement site was the midpoint of the diaphysis located with respect to the most proximal point of the head of the femur and most distal point of the condyles. The distance between these points was defined as the bone length, and was recorded along with the cortical diameters.
The measured dimensions were divided by the magnification to obtain the bone length (L cm) postero-anterior total and medullary widths (TW fi and MW VS cm), and lateral total and medullary widths ( r i f , and MW l cm). From an elliptical model used for the bone cross-section (Pennock, 1975) , the total cross-sectional area (TA cm 2 ), medullary area (MA cm 2 ), and cortical area (cm 2 ) were evaluated, from the expressions:
CA is an estimation of the mass per unit length of the bone (Pennock, 1975) . The area ratio (CA/TA) was calculated, as an estimate of the fraction of the shaft volume which was occupied by cortical bone. There were no significant left-right differences for any of the measured or derived quantities; the average result for each pair of femora was therefore calculated for each variable and the average values were used in the subsequent statistical analysis. dried over a bunsen flame, ashed overnight at 500 °C and weighed again. As with the morphometric measurements, the average value for each pair of femora was used in the statistical analyses.
Bone histometry
The first and second caudal vertebrae were embedded in a mixture of methyl and butyl methacrylate, so that they were aligned lon gitudinally, with the vertebral body uppermost. Twelve undecalcified serial sections, 10 /«m thick, were cut from the same region of each vertebra with a Jung K heavy-duty microtome, and the sections were stained with osteochrome or toluidine blue. The percentage volume of trabecular bone, the surface extent of resorption cavities and osteoid borders and the percentage of osteoid borders with a calcification front were determined optically, with a Zeiss 25-point integrating eyepiece (Aaron, 1976) . The mean number of intercepts per field between the parallel lines in the integrating eye piece and osteoid tissue were counted at a magnification of x 126. This gave an estimate of the amount of osteoid which was independent of the volume of bony tissue and the total trabecular surface.
Chemical methods
Twenty-four hour collections of urine were acidified by the addition of one or two drops of concentrated HC1. Calcium was determined by atomic absorption spectrophotometry, lanthanum being used to overcome suppression of calcium absorption by phosphate ion (Unicam Instruments Ltd, Atomic Absorption Method, Ca 2). Inorganic phosphate and creatinine were determined by automatic colorimetry (Technicon Auto-Analyzer Methods AAII-04 and A All-11 respectively). Hydroxyproline was also determined by automatic colorimetry, by the method of Grant (1964) with modifications (Hodgkinson & Knowles, 1976) . Values are given as mean ± SEM. Statistical differ ences were assessed by unpaired i-tests.
Results
Body weights
All four groups of rats gained weight during the period of study (Fig. 1) . After 36 weeks, the oophorectomized rats on normal calcium intake had gained more weight than the control animals (P < 0-001). Calcium intake had little effect on the amount of weight gained by the intact rats but the oophorectomized animals gained more weight on the normal calcium intake than on the low calcium intake (P < 0-001).
Urine composition
Urine composition was markedly affected by calcium intake and to a lesser extent by oopho rectomy (Table 1) . The low calcium diet caused a marked fall in calcium excretion and a rise in phosphate excretion. Hydroxyproline excretion was initially significantly higher on the low calcium diet than on normal calcium intake but excretion decreased with time and the mean values of the two groups were similar after 30 weeks.
The effects of oophorectomy were less consis tent. However, in the first week after operation hydroxyproline excretion was significantly higher in the oophorectomized animals on low calcium diet than in the control rats on the same diet, but this difference had disappeared after 30 weeks.
Excretion is expressed here in terms of body weights but similar relationships were observed when the data were expressed as μτηοΐ/day or as a ratio to creatinine excretion.
Morphometry of femora (Table 2)
Group 1 contained only nine rats (one animal died during week 30 of the experiment from an accidental overdose of anaesthetic). There were no significant differences in mean bone length (L) or total cross-sectional area (TA) between the four groups. However, the mean medullary area (M4) (4) n.s. n.s. < 0 0 0 1 <0-001 < 0 0 0 1 was significantly greater on the low calcium than on the normal diet (P < 0-01) in both the shamoperated and oophorectomized animals, but the difference was more pronounced in the oophorectomized animals (P < 0-001). A signifi cant difference in mean MA values was found between oophorectomized and sham-operated animals on normal diet (P < 0-05) and a highly significant difference was found between these groups on the low calcium diet {P < 0·01).
The cortical area (CA) showed the converse of MA (since CA=*TA -MA and the mean value of TA did not differ significantly between groups). Thus the mean value of CA was significantly lower (P < 0-01) on the low calcium diet than on the normal diet, the difference being more pronounced in the oophorectomized rats than in the shamoperated animals. However, the effect of oopho rectomy alone was not demonstrable on either diet, with this variable.
The ratios of cortical area to total cross-sectional area of bone (CA/TA) in the four groups of rats showed similar relationships to those of CA, with the additional important finding of a significant difference between the sham-operated and oophorectomized groups on the low calcium diet (P < 0-01). This additional finding is attributed to the relatively smaller variance of CA/TA between animals, compared with the variance of CA.
Dry weight and ash weight of femora
The mean weights of the femora were lower in the animals on the low calcium diet than in those on normal calcium intake, and in the oophorectom ized animals the difference was highly significant (P < 0-001). Oophorectomy also caused a reduc tion in the mean weights of the bones, both on normal and low calcium intakes, though the differences were not significant (Table 3) .
The ash weight, expressed as a percentage of the dry weight, was reduced on the low calcium diet and also after oophorectomy, and reduction was even greater when the two treatments were com bined. Histological analysis was carried out on the vertebrae of 34 of the rats. Of the remainder, one animal died before the experiment was completed (see above), and specimens from five rats were found to be either poorly embedded or incorrectly aligned when sectioned. A low calcium diet or oophorectomy alone produced a fall in the mean percentage volume of trabecular bone; the change brought about by oophorectomy alone was smaller, however, and on a low calcium diet was not significant.
Percentage volume of bony tissue, surface osteoid and resorption cavities in vertebrae (
There was very little osteoid tissue in the vertebrae of the sham-operated rats on a normal diet (the mean value was 2% of the total trabecular r Fio. 2. Ratio of cortical area (CA) to total area (TA) of femur. Each point represents the average value of left and right femora from an individual rat. The horizontal bars indicate the mean ± 1 SEM for each group. Groups are numbered as in Fig. 1 . 
Sham-operated Oophorectomized
(1) Normal diet (2) Low calcium (3) Normal diet (4) Low calcium diet diet % volume bony tissue 35-9 ± 1-4 26-2+1-0 31-9 ±0-6 24-6 ± 1-3 Osteoid surface (intercepts field) 0-37 + 0-09 1-07 + 0-27 0-72±0-12 l-79±0-34 % resorption surface 8-9 + 1-0 11-1+0-8 10-9+1-3 7-5+1-0 No. of rats 8 9 9 8
Significance (P)
Group (1): (2) (1): (3 surface, with a maximum value of 5%). The osteoid tissue increased on the low calcium diet, both in relative terms (up to a maximum value of 15% of the total trabecular surface) and in absolute terms. A smaller rise was brought about by oophorectomy alone. In all experiments the osteoid tissue remained thin (approximately 5 μτη wide). In those instances where osteoid borders were extensive, clearly differentiated calcification fronts (demon strated with toluidine blue stain) were present on at least 65% of the osteoid-covered surface. Although resorption cavities tended to increase on the low calcium diet and after oophorectomy alone the changes were not significant. Moreover after oophorectomy on a low calcium diet resorption cavities decreased such that they were least extensive in that group with least trabecular bone. Osteoclasts were rarely seen in any of the groups.
Discussion
There is ample evidence that calcium deficiency without vitamin D deficiency causes osteoporosis in both male and female rats (Nordin, 1960; Larsson, 1969) . It may cause rickets at first in young growing rats but this changes to osteo porosis as the animals mature (Gershon-Cohen, McClendon, Jowsey & Foster, 1962; McClendon & Blaustein, 1965) . The mature rat was, at one time, thought to be resistant to 'pure' calcium deficiency because of its ability to adapt to a low calcium diet (Fourman & Royer, 1968) , but the studies of McClendon & Blaustein (1965) and Larsson (1969) as well as the present results clearly show that this is not the case. McClendon & Blaustein (1965) observed osteoporosis with basophilia of the bony trabeculae, fibrosis and increased osteoclasis in the femora and vertebrae of lactating rats which had received a low calcium diet for 60 days, and Larsson (1969) observed a significant reduction in the cortical thickness of the femora and in the ash content of the tibiae of mature male Sprague-Dawley rats which had been given a low calcium-normal phosphorus-normal vitamin D diet for 6-12 months.
There is less agreement regarding the effect of oophorectomy on bone in the rat. Larsson (1969) , Saville (1969 ), Aitken, Armstrong & Anderson (1972 and Schulz et al. (1973) all found evidence of osteoporosis after oophorectomy, whereas Orimo, Fujita & Yoshikawa (1972) and Barzel (1975) did not. The failure of Orimo et al. (1972) to observe osteoporotic changes was probably due to the short duration of their experiment (8 weeks), as Larsson (1969) found significant changes only after periods greater than 8 weeks. The negative findings of Barzel (1975) , however, could not have been due to the duration of his experiment, which was 300 days, but may have been due to the high calcium intake. This is supported by our present findings on the femur, which showed that oopho rectomy caused a statistically significant bone loss only in the animals which were receiving a low calcium diet. On the other hand we observed an effect of oophorectomy on trabecular bone even in the rats given adequate calcium.
The three procedures used to assess bone status (morphometry, histometry and weighing) all showed that calcium deprivation and oopho rectomy resulted in a reduced quantity of bony tissue per unit volume of bone, that is in osteo porosis. Thus there was a significant reduction in the mean cortical area and in the ratio CA/TA of the femora (Table 2 ). The mean weight of the femora was reduced (Table 3) although the external dimensions of the bones remained unchanged. Finally, the mean percentage volume of bony tissue in the tail vertebrae was significantly reduced (Table 4 ). There was a small but significant fall in the percentage ash weight of the femora (Table 3) and a small increase in osteoid tissue in the tail vertebrae (Table 4 ). The reduction in percentage bone ash can probably be attributed to the increase in osteoid. Since the calcification fronts seemed to be normal we interpret the increased osteoid as an indication of accelerated bone turnover rather than of osteomalacia. That oophorectomy alone had only a small effect on bone mass may be due to the relatively high calcium content of the normal rat diet, the amount being at least twice the minimum required for optimum bone growth (Bell, Cuthbertson & Orr, 1941) . The human analogy is the reduced rate of bone loss in postmenopausal women on calcium supplements, which we have reported elsewhere (Horsman, Nordin, Gallagher, Kirby, Milner & Simpson, 1977) . That oopho rectomy was only really effective on the cortical bone when combined with calcium deprivation is taken as further evidence of the interrelationship between hormonal and nutritional factors in the pathogenesis of osteoporosis. The response of the trabecular bone to oophorectomy on the normal diet implies that this bone is more susceptible to hormonal changes than is cortical bone. More over, the fact that oophorectomy produced no additional loss of trabecular bone in calciumdeprived rats suggests that only a limited amount of this bone is readily resorbed, after which the cortical tissue is at greater risk.
Another feature of our data is the relatively low percentage of resorption surfaces seen on bone sections in the oophorectomized animals on the low calcium diet. These animals lost the most bone, they had the most osteoid tissue, which was apparently mineralizing and would have been expected to show the highest percentage of resorp tion surfaces. However, the data also demonstrate that, at the end of the experiment, this group of animals did not show the expected increase in urinary hydroxyproline, although there was a highly significant increase in urinary hydroxy proline during the first week after oophorectomy. Our interpretation of these data is that, in the oophorectomized animals on the low calcium diet, there was a phase of rapid bone resorption in the first weeks or months and that by the time they were killed, at the end of 9 months, they had reached a new equilibrium at a lower level of bone mass. A similar accelerated loss of bone in the first 3 years after oophorectomy has been reported in human subjects .
Our data are therefore compatible with the concept that calcium deficiency and oestrogen deficiency are additive factors in the genesis of osteoporosis, although clinically it seems that malabsorption of calcium is a more frequent cause of 'calcium deficiency' than actual reduction in calcium intake (Gallagher, Aaron, Horsman, Marshall, Wilkinson & Nordin, 1973) .
